estradiol (e2) serves an important role in the changes of postmenopausal bone turnover rate and the development of osteoporosis. The present study aimed to investigate the effects of e2 on high glucose (HG)-induced osteoblast injury. cell counting Kit-8 was used to determine cell viability. reverse transcription-quantitative Pcr (rT-qPcr) and western blotting was used to analyze the mrna and protein expression levels of osteocalcin, runt-related transcription factor 2 (runx2), nuclear factor e2-related factor 2 (nrf2) and heme oxygenase-1 (Ho1). Flow cytometry was performed to analyze apoptosis. The results revealed that cell viability was lower in cells treated with HG (100, 200 or 300 mg/dl) compared with the control group. cell viability was decreased in cells treated with 200 mg/dl HG on days 3, 5 and 7. in addition, cell viability was increased by 0.1 µM e2. e2 with HG co-treatment increased cell viability, osteocalcin and runx2 mrna expression levels and nuclear nrf2 and Ho1 protein expression levels compared with the HG-only group. all these changes, with the exception of runx2, were reversed by silencing nrf2 expression using small interfering (si)rna (sinrf2). additionally, apoptosis was reduced by e2 in HG-treated cells, which was reversed by sinrf2 transfection. These results demonstrated that e2 may prevent HG-induced osteoblast injury by activating nrf2/Ho1 signaling pathways.
Introduction
in 2013, the prevalence of diabetes in chinese adults was 11.6% (1) . in patients with type 2 diabetes, approximately one-half to two-thirds of the cases are associated with a decrease in bone density, and one-third of the patients are diagnosed with osteoporosis (oP) (2) . oP is a systemic bone disease characterized by bone density loss and bone microstructural changes, which results in increased bone fragility, decreased bone strength and increased risk of fracture (3, 4) . estradiol (e2) is a key factor in the development of OP, with evidence of significant bone loss in postmenopausal women (5, 6) . Since the effect of estrogen on diabetes-related oP is not well understood, studies are necessary to provide new therapeutic strategies for clinical treatment.
e2 is one of the most potent estrogens (7) , which serve important roles in human bone development and bone balance. estrogen deficiency changes the activity of osteoclasts; as osteoclast function becomes relatively active, osteoblast function weakens (8) . in addition, reduced apoptotic rate of osteoclasts indicates that bone formation rate is lower compared with bone resorption rate, which results in a decrease in bone minerals (9, 10) .
osteoblast genes are the main factors that promote the secretion and mineralization of the bone matrix (11) . runt-related transcription factor 2 (runx2), which is a core binding factor, is one of the most important osteoblast-specific transcription factors. it is associated with extracellular osteogenic induction factors and intracellular factors, which also affect the signaling pathway of osteoblast functional differentiation (12) . osteocalcin is a bone-building compound expressed by osteoblasts that reflects the rate of bone turnover (13) . Serum osteocalcin levels in patients with OP are significantly increased (14) . Therefore, osteocalcin is clinically used as a specific index in the diagnosis of oP (15) .
Previous research has demonstrated the important role of nuclear factor erythrocyte 2-related factor 2/heme oxygenase-1 (nrf2/Ho1) signaling in high glucose-induced osteoblast injury (16) . nrf2 is a regulatory and transcription factor that produces cellular resistance to oxygen-derived free radicals, binds to antioxidant response elements and acts as a sensor for oxidative and electrophilic stress. in addition, nrf2 has a protective function against oxidative damage in combination with other antioxidant enzymes, such as Ho-1 (17) (18) (19) .
The aim of the present study was to elucidate the role of e2 in the development of HG-induced oP and provide a theoretical foundation for the treatment of oP.
Materials and methods
Cells and drugs. Mouse pre-osteoblast cell line Mc3T3-e1 was purchased from american Type culture collection. e2 was obtained from Sigma-aldrich (cat. no. e4260; HPlc>98%; Merck KGaa). Transfection reagent lipofectamine ® 3000 was purchased from invitrogen (Thermo Fisher Scientific, inc.). cell counting Kit-8 (ccK-8) was obtained from nanjing Jiancheng Bioengineering institute.
Cell cult ure a n d t ra nsfect ion. Mc3T3-e1 cells (1x10 6 cells/ml, 24-well plates) were cultured in a-minimum essential medium (α-MEM; Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher Scientific, inc.), 1% antibiotics (100 µg/ml streptomycin and 100 u/ml penicillin) at 37˚C in a humidified atmosphere with 5% CO 2 . lipofectamine ® 3000 was used following the manufacturer's protocol. Briefly, 2 µl lipofectamine ® 3000 and 40 pmol of small interfering (si)rna targeting nrf2 (5'-GaG uau GaG cuG Gaa aaa cuu-3') or negative control sirna (sinc; 5'-Gac GaG cGG cac GuG cac auu-3') (Shanghai GenePharma co., ltd.) were mixed in 50 µl serum-free medium and incubated at room temperature for 15 min. The lipid compounds were diluted in 300 µl serum-free medium and 600 µl medium containing FBS, added to the cells and incubated at 37˚C with 5% CO 2 for 24 h. Following transfection for 24 h, cells were harvested and used for subsequent experiments.
Cell treatments and groups. different concentrations (0, 10, 50, 100, 200 and 300 mg/dl) of glucose were added to the medium and used to treat Mc3T3-e1 cells to test viability and to determine the optimal glucose concentration for further experiments. The cells were incubated at 37˚C with 5% co 2 for 96 h. Then, the cell viability of the cells treated with the optimal glucose concentration for 1, 3, 5 and 7 days was determined. Mc3T3-e1 cells were treated with 1, 10 nM, 0.1 and 1 µM e2 to test cell viability and to select an appropriate dose for further experiments (20) . in subsequent experiments, cells were divided into the following groups: i) control, cells were added to normal medium; ii) HG, cells treated with 200 mg/dl HG; iii) e2, cells treated with 0.1 µM e2; iv) sinrf2, cells transfected with sinrf2; v) nc, cells transfected with sinc; vi) HG + e2, cells co-treated with 200 mg/dl HG and 0.1 µM e2; vii) e2 + sinrf2, cells were co-treated with 0.1 µM e2 and sinrf2; viii) HG + e2 + sinc, cells co-treated with 200 mg/dl HG, 0.1 µM e2 and sinc; ix) HG + e2 + sinrf2, cells co-treated with 200 mg/dl HG, 0.1 µM e2 and sinrf2.
Cell viability assay. cell viability was detected by ccK-8 assay according to the manufacturer's protocol. a total of 10 µl of ccK-8 solution was added to Mc3T3-e1 cells (3x10 3 cells/well) and the cells were incubated at 37˚C for 2 h in the dark with 5% co 2 . Subsequently, the optical density of each well at 450 nm was determined by a microplate reader (Bio-rad laboratories, inc.).
Western blotting. Treated Mc3T3-e1 cells (2x10 4 cells/well in 6-well plates) were washed twice with PBS, lysed with riPa buffer (cell Signaling Technology, inc.) for 2 h on ice, and centrifuged at 12,000 x g for 30 min at 4˚C. Subsequently, supernatant was collected. The nuclear and cytoplasmic extracts were prepared using an ne-Per nuclear and cytoplasmic extraction reagents kit (Pierce; Thermo Fisher Scientific, Inc.) according to the manufacturer's directions. The protein concentration was determined using the Bca protein kit (Bio-rad laboratories, inc.) and adjusted to a concentration of 5 µg/µl using 1X loading buffer and diethyl pyroca rbonate (dePc)-treated water. Proteins (at least 30 µg/lane) were separated by 10% SdS-PaGe, transferred to a PVdF membrane (Bio-rad laboratories, inc.), blocked with 5% non-fat milk at room temperature for 2 h and washed with PBS three times for 5 min. The membranes were then incubated overnight at 4˚C with the corresponding primary antibody, washed with PBS three times for 15 min, incubated with horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit immunoglobulin G secondary antibody (1:2,000; cat. nos. sc-2005 and sc-2004; Santa cruz Biotechnology, inc.) for 2 h at room temperature, washed with PBS three times for 15 min, and washed with PBS + 0.1% Tween-20 for 15 min. development was carried out using the eZ-ecl developer kit (Biological industries), densitometric analysis was performed using imageJ 5.0 (national institutes of Health). The antibodies used in the present study were as follows: rabbit anti-β-actin (1:1,000; cat. no. lS-B1625; lifeSpan BioSciences, inc.), mouse anti-lamin B1 (1:1,000; cat. no. lS-B6062; lifeSpan BioSciences, inc.), rabbit anti-nrf2 (1:1,000; cat. no. ab62352; abcam) and mouse anti-Ho1 (1:1,000; cat. no. ab13248; abcam). The detection method for nuclear nrf2 protein was the same as for the other genes mentioned above, and the lamin B1 was used an internal reference.
RNA isolation and reverse-transcription quantitative PCR (RT-qPCR). Total rna was extracted from treated
Mc3T3-e1 cells (2x10 5 cells) using Trizol reagent (1 ml/well; Invitrogen; Thermo Fisher Scientific, Inc.). The lysate was transferred to 1.5 ml eppendorf tubes and kept at room temperature for 5 min; subsequently 200 µl chloroform was added to each tube and inverted for 15 sec. Following emulsification, the tubes were left in room temperature for 5 min, centrifuged at 12,000 x g at 4˚C for 15 mins, and the upper aqueous phase was pipetted into new 1.5 ml tubes with an equal volume of isopropanol (~400 µl); the tubes were kept at room temperature for 10 min. Following another centrifugation at 12,000 x g at 4˚C for 15 min, the supernatant was discarded and 1 ml of pre-cooled 75% ice ethanol was added. The tubes were centrifuged at 7,500 x g at 4˚C for 10 min, and the supernatant was discarded. dePc-treated water (20 µl) was added to the tubes to dissolve the rna. The purity and concentration of rna was tested using the nanodrop nd-1000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc.) at 260/280 nm. revertaid First Strand cdna Synthesis kit (Thermo Fisher Scientific, inc.) was used according to the manufacturer's protocol to reverse transcribe 1 µg total RNA to cDNA (42˚C for 60 min followed by 70˚C for 5 min). SYBr Green Pcr Master Mix (roche diagnostics) was used to perform qPcr using aBi 7500 real-Time Pcr detection System (Thermo Fisher Scientific, inc.). The PCR cycle was as follows: Initial denaturation at 95˚C for 10 min, followed by 40 cycles of 94˚C for 15 sec and 60˚C for 1 min; final extension at 60˚C for 1 min. Relative mRNA quantity was determined using the 2 -ΔΔcq method (21) and normalized to the internal reference gene GaPdH. The primer sequences used for rT-qPcr analysis are presented in Table i .
Apoptosis assay. Treated Mc3T3-e1 cells (1.3x10 5 cells/well) were seeded in six-well plates. Supernatant was collected in a 15 ml centrifuge tube, and the culture flask was washed once with 2 ml PBS. The cells were digested with 1 ml trypsin without edTa and gently shaken. The mixture was kept at room temperature for 1 min, and α-MeM containing 10% FBS was added to terminate the digestion. The cells were centrifuged at 1,000 x g for 3 min and the supernatant was removed. The cells were washed twice with pre-cooled PBS and resuspended in 1X annexin V binding buffer. annexin-V-FiTc cell apoptosis detection kit (cat. no. K201-100; BioVision, inc.) was used according to the manufacturer's protocol. Briefly, cells were collected and stained with annexin V-FiTc and propidium iodide (PI) at room temperature for 15 min and counted by flow cytometry using Bd FacScalibur™ with FlowJo software Statistical analysis. all data were analyzed using GraphPad Prism 6 software (GraphPad Software, inc.). all data are expressed as mean ± SeM. comparisons of multiple groups were performed by analysis of variance between groups followed by dunnett's test. P<0.05 was considered to indicate a statistically significant difference.
Results
Cell viability is decreased by HG. ccK-8 assay was used to detect cell viability of Mc3T3-e1 cells treated with various concentrations of glucose for 96 h, which revealed that high concentrations of glucose decreased cell viability compared with cells cultured in medium with normal glucose levels (Fig. 1a) . Therefore, 200 mg/dl glucose was selected for subsequent experiments. in addition, cell viability was inhibited by 200 mg/dl glucose on treatment days 3, 5 and 7 compared with control (0 mg/dl) (Fig. 1B) .
E2 relieves HG-induced osteoblast injury. cell viability was tested in Mc3T3-e1 cells by ccK-8 assay using a range of concentrations of E2. Cell viability was significantly increased by e2 at 0.1 µM (Fig. 2a) ; thus, 0.1 µM e2 was used for subsequent experiments. To investigate the effect of e2 on HG-induced osteoblast injury, cell viability, osteoblast differentiation markers osteocalcin and runx2, and nrf2 and Ho1 expression levels were determined following co-incubation with e2 and HG. The results demonstrated that compared with the HG-only group, cell viability was increased (Fig. 2B ), osteocalcin and runx2 mrna expression levels were increased (Fig. 2c ) in the HG + e2 group. The mrna expression level of HO1 in the HG + E2 group was significantly higher than that in HG-only group, and there was no significant difference in nrf2 mrna expression in control group, HG group, HG+e2 group and e2 group (Fig. 2d ). The protein levels of nuclear nrf2 and downstream target effector Ho1 were increased ( Fig. 2e-G) in the HG + e2 group compared with the HG-only group.
Protective effect of E2 on HG-induced osteoblast injury is
Nrf2-dependent. Markers of osteoblast differentiation were examined to detect changes in cell differentiation following HG, e2 and sinrf2 treatment. nrf2 was effectively downregulated by sirna transfection (Fig. 3a) . Following nrf2 silencing, mrna expression levels of osteocalcin, runx2, Nrf2 and HO1 were significantly reduced, which was reversed by E2; HG treatment significantly reduced the mRNA expression of osteocalcin, runx2 and Ho1; e2 treatment alleviated the inhibitory effect of HG on the mrna expression of osteocalcin, runx2, nrf2 and Ho1, while nrf2 silencing reversed this protective effect of e2, excepting the expression of runx2 ( Fig. 3B-e ).
Protein expression levels of Nrf2 and HO1 are decreased by siNrf2. Western blotting was used to identify the protein expression levels of nrf2 and Ho1. sinrf2 reduced the protein expression of nrf2 and Ho1 and the nrf2 and Ho1 protein levels in E2 + siNrf2 group were significantly lower than those in e2 group; e2 treatment alleviated the inhibitory effect of HG on the protein expression of nrf2 and Ho1, while nrf2 silencing reversed this protective effect of e2 ( Fig. 4) .
Effects of E2 on HG-induced cell viability and apoptosis were reversed by siNrf2.
Mc3T3-e1 cell viability and apoptotic rates were examined by CCK-8 assay and flow cytometry, respectively. Sinrf2 treatment alone, e2 treatment alone, and siNrf2 and E2 co-treatment had no significant effect on cell viability, although the cell viability was inhibited in the HG group; e2 treatment effectively enhanced cell viability in HG-treated cells, which was inhibited by cotreatment with sinrf2 ( Fig. 5a ). additionally, Sinrf2 treatment alone, e2 treatment alone, and sinrf2 and e2 co-treatment had no significant effect on cell apoptosis, although the apoptosis rate was promoted in the HG group. The apoptotic rate was significantly lower in the HG + e2 group compared with the HG-only group, whereas cells in the HG + e2 + sinrf2 group exhibited a higher apoptotic rate compared with the HG + e2 + sinc group (Fig. 5B and c) .
Discussion
Hyperglycemia is one of the possible causes for oP and fracture in diabetes (22) . oP is characterized by reduced bone mass, alterations in the microarchitecture of bone tissue, reduced bone strength, and an increased risk of fracture (23) . a previous study has demonstrated that bone mass in diabetic patients is significantly decreased, and the risk of fracture is increased (24) . estrogen reduction significantly increases the risk of OP (25, 26) . e2 the most potent estrogen; however, its role in diabetes-related oP is poorly understood.
To explore the mechanism of diabetes-related oP, mouse pre-osteoblast Mc3T3-e1 cells were treated with high concentrations of glucose to simulate diabetes-induced oP. The results of ccK-8 experiments demonstrated that the cell viability was significantly reduced by HG on treatment days 3, 5 and 7. These data suggested that HG may contribute to bone damage.
Previous studies have demonstrated that postmenopausal bone turnover rate is reduced, and e2 serves an important role in the development of oP (27) (28) (29) . Gopalakrishnan et al revealed that insulin and e2 increased the number of mineralized nodules, the area stained for collagen and mineralization, as well as the proliferation of rat bone marrow stromal cells under HG (30) . estrogen-induced transforming growth factor β receptor 1 and bone morphogenetic protein receptor type 1a expression levels were suppressed by estrogen receptor β activation in Mc3T3-e1 cells (31) . The present study demonstrated that e2 may serve an important protective role in HG-induced osteogenic injury. different concentrations of e2 were added to mouse osteoblasts, and the results revealed that 0.1 µM e2 significantly increased MC3T3-E1 cell viability. This result was consistent with the study of He et al (31) that high concentration of e2 can improve the cell viability of Mc3T3-e1. runx2 and osteocalcin are essential for promoting osteoblast differentiation in the early stage of induction (32). a previous study demonstrated that bone cements exhibit osteoinductive activity, based on the results of elevated expression levels of genes encoding for osteocalcin and runx2 in both undifferentiated and differentiated Mc3T3-e1 cells (33) . low expression of nrf2 and Ho-1 in osteoblast injury has also been demonstrated (34) . Ho-1 inhibits osteoclastogenesis and bone destruction in an arthritis model (35) and upregulates osteogenic differentiation in human periodontal ligament cells (36) . recent studies have indicated that Ho-1 expression is mediated by nrf2 activation in Mc3T3-e1 cells (37, 38) . in the present study, HG treatment decreased cell viability and reduced osteocalcin, runx2, Ho1 and nuclear nrf2 expression levels; these changes were reversed by e2. To verify whether the protective effect of e2 was related to nrf2, sirna silencing was used to downregulate nrf2. expression levels of osteocalcin, Ho1 and nuclearnrf2 were upregulated by e2 compared with control cells under HG-induced osteogenic injury; however, these effects were reversed by sinrf2, with the exception of runx2. it is possible that not all tested osteogenic genes were involved in the effect of nrf2 on osteoblast injury. The results of the present study suggested that e2 may effectively protect osteoblasts from damage, and this protection may rely on the expression of nrf2.
Severe apoptosis can be observed in certain disease conditions, including diabetes (39) . By regulating the balance between cell growth and death, apoptosis serves a key role in maintaining homeostasis (40, 41) . Therefore, targeting apoptosis has become a common therapeutic method for diabetes-induced bone damage (42) . in the present study, the results of the apoptosis assay by flow cytometry demonstrated that silencing nrf2 effectively reversed the inhibitory effect of e2 on HG-induced apoptosis. Therefore, e2 may protect osteoblasts against injury through a nrf2-dependent mechanism. However, the potential role of e2 in diabetes-related oP remains unclear, and the involvement of other signaling pathways involved in the regulation of diabetes-related oP by e2 should be further investigated.
There are certain limitations to the present study. Firstly, the functions of e2 on HG-treated Mc3T3-e1 cells were only supported by in vitro experiments. Secondly, alkaline phosphatase is a typical marker in the early stage of osteogenic differentiation and its level requires further examination. additionally, the expression levels of estrogen receptor in differentiated-MC3T3-E1 need to be quantified.
in the present study, mouse pre-osteoblast Mc3T3-e1 cell was used to set up a model of diabetes-induced oP, which was induced by HG. e2 treatment resulted in increases in cell viability, expression levels of osteoblast genes osteocalcin and runx2, as well as increased expressions of Ho1 and nuclear nrf2. These changes were reversed by nrf2 silencing, with the exception of runx2. additionally, following nrf2 silencing, cell apoptosis was significantly increased in HG-treated cells. Thus, e2 may prevent HG-induced osteoblast injury by activating nrf2/Ho1 signaling pathways, e2 may be a potential drug for the treatment of diabetes-related oP.
